Raman spectroscopy is a spectroscopic technique that can provide rich biochemical information about the sample through the inelastic scattering between monochromatic light and molecular vibrations, thus a narrow bandwidth and costly laser is typically required. Although the replacement of laser to light-emitting diode (LED) can reduce the cost significantly, spectral resolution degrades seriously and a large amount of Raman fingerprint information is lost due to the overlaps of Raman peaks. In this study, a weighted spectral reconstruction method was developed to retrieve high quality Raman spectrum from the Raman measurements using LED as the excitation, in which the LED based Raman measurements were numerically synthesized from the Raman spectra acquired by the conventional laser-based Raman spectroscopy systems. The proposed weighted spectral reconstruction method was numerically test on the synthesized LED based Raman measurements from 25 agar phantoms, 50 blood serum samples, and 56 cell samples, respectively. According to the results, the restored Raman spectra are in excellent agreement with the conventional Raman spectra, and the differences are always less than 2% in all test samples. Therefore, Raman measurements using LED as excitation combined with weighted spectral reconstruction method demonstrate significant potential in accurate and high spectral resolution Raman measurements, which promotes a cost-effective Raman setup while preserve the most important spectral and biochemical information.
the gain and loss of photon energy [2] , thus Raman spectroscopy has been widely used to study the chemical composition and structure of molecules from fundamental research to industrial applications, including material science [3] , chemistry [4] , geology [5] , biology [6] , medicine [7] , etc. For conventional Raman spectroscopy systems, narrow bandwidth and costly lasers in the ultraviolet, visible or infrared region are typically employed as excitation source to provide the required monochromatic light, thus the applications of Raman spectroscopy technique are often restricted by its high cost and low portability [8] . Light-emitting diode (LED), a kind of light source widely available in all spectral ranges (from deep UV to IR), is inexpensive, long life-time, low power consumption, and small in size, thus offer the possibility of building low cost and portable Raman spectroscopy system. However, its broad bandwidth can cause overlaps of those sharp Raman peaks, hence spectral resolution can degrade seriously and a large amount of Raman fingerprint information is lost.
Over the past decades, several attempts have been made to use LED as the excitation source in Raman spectroscopy system and several advanced methods have been developed to overcome the above limitations. Schmidt and Kiefer [9] demonstrated a straightforward method to obtain the Raman spectra by using LED with the output power of 650mw and the full width half maximum (FWHM) of approximately 15nm, in which the laser-line filter was employed to extract the narrow-band radiation from broadband LED. Renata and Kiefer [10] further tuned the spectral profile by shifting the bandpass filter by 3 • to generate tunable narrow-band radiation, thus Raman spectra at two different excitation wavelengths can be obtained and the fluorescence-free Raman spectrum can subsequently be reconstructed. However, for both of those two methods, the spectral resolution in the ultraviolet spectral range could be much worse compared to that in the infrared spectral range, because the resulting spectral profile should only be determined by the configuration of the bandpass filter and the transmission window of the bandpass filter is typically restrict to the order of 1nm. In addition, only a small portion of LED power can reach onto the sample, thus a high-power LED is typically required to produce sufficient Raman scattering photons. In contrast, Greer et al. [11] developed a totally different approach and made full usage of the broad bandwidth of the LED, thus only a 3mW broadband (FWHM ∼ 40nm) LED was employed to collect sufficient Raman signal. The broadband radiation was spatially dispersed in a line focus by a pair of diffraction gratings and an achromatic lens, and the Raman spectra excited at different wavelengths reached onto the different rows of the CCD detector and finally recombined to a single Raman spectrum. However, the disadvantage might be the complex experimental setup and sophisticated numerical algorithms to reconstruct the final Raman spectrum with optimal spectral resolution.
Spectral reconstruction from narrow-band measurements [12] might be a potential way to achieve high spectral resolution Raman measurements with LED excitation. This method was originally developed for fast Raman spectroscopic imaging, in which high spatial and spectral resolution Raman measurements can be reconstructed from a few narrow-band images [13] . In such a method, those narrowband images are taken by collecting the Raman scattering photons after passing through several specific filters. The core of spectral reconstruction method is that the most important Raman spectral information is compressed into narrowband measurements due to its sparsity, and high spectral resolution Raman spectrum at each pixel can subsequently be retrieved by supervised learning spectral reconstruction algorithms. Although the spectral resolution degrades seriously by collecting narrow-band measurements instead of intensities at each wavelengths, the spectral reconstruction algorithms are insensitive to the degradation of spectral resolution because of the prior knowledge extracted from the relationship between the high spectral resolution Raman spectra and the narrow-band measurements in the training dataset. Our previous studies [14] [15] [16] have theoretically and experimentally demonstrate the feasibility of accurate Raman reconstruction from the corresponding narrow-band measurements. For the LED based Raman measurements, the Raman spectral resolution similarly degrades due to its non-monochromatic property, thus spectral reconstruction based method is expected and should be feasible to restore high spectral resolution Raman spectra from LED based Raman measurements.
In this study, a weighted spectral reconstruction method was developed and investigated to reconstruct high spectral resolution Raman spectra from the Raman measurements using LED as the excitation, which makes the full usage of the broad bandwidth of the LED. The proposed method was theoretically evaluated by the synthesized LED based Raman measurements from 25 agar phantoms, 50 blood serum samples, and 56 cells samples. The results demonstrated that high spectral resolution Raman measurements can be extracted from the Raman measurements excited by broadband LED. Thus, the methods described in this paper can be applicable to a portable and cost-effective Raman spectroscopy system or even Raman spectroscopic imaging setup.
II. CONVENTIONAL RAMAN MEASUREMENTS AND SYNTHESIS OF LED BASED RAMAN MEASUREMENTS A. SAMPLE PREPARATION AND CONVENTIONAL RAMAN MEASUREMENTS 1) PHANTOMS
Potassium formate (294454, Sigma-Aldrich, US) and urea (V3171, Promega corporation, US) were dissolved in distilled water and then mixed with 1.5% agar solution (PC0701, Vivantis Technologies, US). In total, 25 agar phantoms were made with different concentration, in which the concentrations for both potassium formate and urea in the final mixture were 0.25 M, 0.5 M, 1 M, 1.5 M, and 2 M respectively. The micro-Raman spectroscopy system (innoRam-785S, B&W TEK, US) was used to collect the Raman spectra from the agar phantoms. The Raman signals were excited by a 785nm laser and measured over a range from 600 cm −1 to 1800 cm −1 with the spectral resolution of 4 cm −1 . The exposure time for the Raman measurements of phantoms was 10s, and each Raman spectrum was accumulated for 30 times.
2) BLOOD SERUM SAMPLES
The blood serum samples were collected from 50 nasopharyngeal cancer patients in Fujian Tumor hospital, Fuzhou, China. Those blood serum samples were centrifuged at 2,000 rpm for 15 minutes for blood cells removal and mixed with silver colloidal nanoparticles, and then kept at 4 • C for two hours before taking the Raman measurements. The confocal Raman microscope (inVia, Renishaw, UK) was used to collect the surface-enhanced Raman scattering (SERS) measurements from those blood serum samples. The Raman signals were excited by a 785nm laser and measured over a range from 600 cm −1 to 1800 cm −1 with the spectral resolution of 2 cm −1 . The exposure time for the Raman measurements of blood serum samples was 10s, and each spectrum was accumulated only once.
3) CELLS
Two different types of cells were cultured and measured, i.e. the renal cells (Caki-2 cells) and leukemia cells (K562 cells). Those cells were washed twice by phosphate-buffered saline (PBS) to alleviate the significant fluorescence background from the culture media for optimal Raman signal acquisition. In total, 56 Raman spectra were taken from those cell samples, in which both types of cells contributed 28 Raman measurements respectively. The confocal Raman microscope (inVia, Renishaw, UK) was used to collect the Raman spectra from those cell samples. The Raman signals were excited by a 785nm laser and measured over a range from 600 cm −1 to 1800 cm −1 with the spectral resolution of 2 cm −1 . The exposure time for the Raman measurements of cells was 10s, and each Raman spectrum was accumulated for 6 times.
B. SYNTHESIS OF LED BASED RAMAN MEASUREMENTS
The synthesis of LED based Raman measurements was implemented based on the assumption that the Raman shifts are always consistent when using different excitation wavelengths and the LED can be equivalent to the combination of multiple narrow-band lasers with different wavelengths when exciting Raman signals. Since the fluorescence background should negligibly change when the excitation tuned within a small wavelength range [17] , the fluorescence background signals were assumed to be unchanged when replacing narrow-band lasers with LEDs. Thus, by employing LEDs as the excitation, the changes of the narrow-band measurements are mainly contributed by the distorted Raman signal other than fluorescence background, in which the fluorescence background can be ignored in this study and was removed from the original Raman measurements by using the fifthorder polynomial fitting before synthesizing the LED based Raman measurements. More specifically, the unchangeable fluorescence background has little impact on the spectral reconstruction, and the slight degradation (less than 0.9%) of the spectral reconstruction accuracies between the narrowband measurements in the presence and absence of fluorescence background has already been investigated in our previous studies [16] [17] [18] , thus the fluorescence background was not considered in order to simplify and focus on the spectral reconstruction problems induced by the LEDs. The LED based Raman measurements can be derived from the conventional Raman spectrum after fluorescence background removal according to (1) .
where λ 0 and λ R refer to the excitation wavelength and Raman wavelength with the unit of cm respectively, and w refers to the Raman shift with the unit of cm −1 . Thus, the LED based Raman signal can be numerically simulated based on the known excitation wavelength range of the LED and the known Raman spectrum, in which the conventional Raman spectrum after fluorescence background removal was treated as the input known Raman spectrum. Since discretization has to be implemented during the numerical simulation, the step size of the excitation wavelengths was set to 0.01nm, in which less than 0.02% difference was always observed when using a smaller step size, i.e. 0.001nm. LEDs with different bandwidths from 5nm to 50nm were used to verify the feasibility of acquiring high spectral resolution Raman measurements with LEDs and to investigate the impact of LED bandwidths on the spectral reconstruction accuracy.
III. WEIGHTED SPECTRAL RECONSTRUCTION METHOD
In this study, weighted spectral reconstruction method was developed and employed to retrieve high spectral resolution Raman measurements from synthesized LED based Raman measurements. The weighted spectral reconstruction method consists of two steps, i.e. the weight calculation step and weighted Wiener estimation step, as show in Figure 1 .
In the weight calculation step, reconstructed Raman spectra with high spectral resolution is restored from narrow-band measurements by traditional Wiener estimation [19] , [20] , in which the narrow-band measurements are numerically generated by the inner product between synthesized LED based Raman measurements and non-negative principal components (PCs) based filters. Those non-negative PCs based filters are derived by using a invertible linear transform of characteristic spectra, in which those characteristic spectra are equivalent to the orthogonal vectors from a principal component analysis of the conventional Raman measurements. More specifically, the non-negative PCs based filter sets can be obtained by parameterized adding a multiple of the first characteristic spectrum to the others, thus the optimal compression properties of the PCA scheme can be maintained in such parameterized design space. The final set of nonnegative PCs based filters is found by solving a linearly constrained nonlinear programming problem, which gives minimum noise amplification. In short, the non-negative PCs based filters are derived by a published method [21] based on principal component analysis (PCA) of the conventional Raman spectra and can optimally compress most important spectral information about the Raman spectral reconstruction into the narrow-band measurements. The traditional Wiener estimation is a supervised learning method and typically involves two stages, i.e. the training stage and the test stage. In the training stage for weight calculation in this study, Wiener matrix W is created to learn supervised from the training dataset according to (2) , in which the model between the conventional high spectral resolution Raman spectra r and the corresponding LED based narrow-band measurements m in the calibration dataset can be built.
where E() is the ensemble average, the superscript 'T' is matrix transpose, and the superscript '−1' is matrix inverse. In the test stage, the reconstructed Raman spectra R with high spectral resolution can be recovered from the corresponding LED based Raman measurements N in the test dataset according to (3) .
Finally, the weights w i for each narrow-band measurement in the training dataset can be derived based on the differences between the conventional Raman spectra and the reconstructed Raman spectra according to (4), i.e. larger difference corresponds to lower weight.
where d i is the summation of the absolute differences at each wavelengths between the reconstructed Raman spectrum and the i-th conventional Raman spectrum in the training dataset, and n is total number of samples in the training dataset.
In the weighted Wiener estimation step, the weights derived in the above step are integrated with traditional Wiener estimation according to (5) , in which the weighted Wiener matrix are mostly contributed by the training data with higher similarity to the test data. By such method, more precise model between reference Raman spectra and their corresponding LED based narrow-band measurements can be built for each test samples, thus the spectral reconstruction accuracy is expected to be improved significantly.
whereW refers to the weighted Wiener matrix, and w i , r i , and m i refer to the weight, conventional Raman spectrum and narrow-band measurements of the i-th set of training data respectively. The final weighted reconstructed Raman spectrum for each test sample is calculated by the inner production of the corresponding weighted Wiener matrix and narrow-band measurements of the test sample. The mean relative root means square error (RMSE) [22] between the weighted reconstructed Raman spectra and the reference Raman spectra is served as the criterion to evaluate the performance of the proposed weighted spectral reconstruction method. Furthermore, since the proposed weighted wiener estimation is a supervised learning method in nature, leaveone-out method is used for cross-validation to test all samples in an unbiased way.
IV. RESULTS AND DISCUSSIONS
The comparison of the conventional Raman spectra and the synthesized LED based Raman spectra with bandwidth of 5nm, 10nm and 50nm is shown in Figure 2 . It is obvious that the overlaps and distortions of the Raman peaks occur as we expected due to the replacement of narrow-band lasers to LEDs, and those overlaps and distortions are much more serious when larger bandwidth of LEDs is employed as the excitation. In addition, the overlaps and distortions of Raman peaks become more serious when there are more Raman peaks and more complex Raman spectral shapes within the conventional Raman spectra. Thus, it is expected that the recovery of high spectral resolution Raman spectra from LED based Raman should be more difficult with the increment of LED bandwidth and Raman spectral complexity. For agar phantoms, the mean relative RMSEs between the reconstructed Raman spectra from synthesized LED based Raman measurements and the corresponding conventional Raman spectra are shown in Table 1 , in which different filter numbers ranged from 3 to 6 and different bandwidths ranged from 5nm to 50nm are investigated. It can be found in Table 1 that the mean relative RMSEs typically follows a first decreasing and then increasing trend with the increased number of non-negative PCs based filters, when the LEDs bandwidth is fixed. Although more filters can extract more spectral information from the LED based Raman spectra, more redundant information such as noise can be acquired as well when the filter number is more than expected, thus the optimization of filter number is critical for an optimal spectral reconstruction. Based on the results in Table 1 , the optimal number of filters should be 4 in most cases for agar phantom samples. In addition, the LED bandwidth provides a dominant impact on the spectral reconstruction accuracy when the number of filters is small, in which larger bandwidth usually lead to worse mean relative RMSEs. Since the LED has to be existed in real-world practical applications other than those numerically simulated non-negative PCs based filters, the choice of LED bandwidth should be based on the compromise between the availability of the LED bandwidth and spectral reconstruction accuracy. Take 4 non-negative PCs based filters and 10nm LED bandwidth as an example, the mean relative RMSE is 5.81 × 10 −3 , and the comparisons between the conventional Raman spectrum and reconstructed Raman spectra from synthesized LED based Raman measurements are shown in Figure 3 . The relative RMSEs in the best, typical and worst cases are 1.11 × 10 −3 , 5.41 × 10 −3 , and 5.79 × 10 −2 , respectively. The best and worst cases refer to the reconstructed Raman spectra with the minimum and maximum relative RMSEs respectively, and the typical case refers to the reconstructed Raman spectrum with the relative RMSE closest to the mean relative RMSEs.
For blood serum samples, the mean relative RMSEs between the reconstructed Raman spectra from synthesized LED based Raman measurements and the corresponding conventional Raman spectra are shown in Table 2 , in which different filter numbers range from 3 to 15 and different bandwidths range from 5nm to 50nm are investigated. It can be found in Table 2 that the trends for blood serum samples among spectral reconstruction accuracy, number of nonnegative PCs based filters and LED bandwidth are similar to that observed in the above agar phantoms. However, in general, the spectral reconstruction accuracies for blood serum samples are much lower compared to that for phantoms, and larger number of non-negative PCs based filters is required to achieve an optimal spectral reconstruction. This could be attributed to the fact that the blood serum SERS spectra contains more Raman peaks and fingerprint spectral information, thus the overlaps of the Raman peaks should be more serious when inducing LED as the excitation. Take 14 nonnegative PCs based filters and 10nm LED bandwidth as an example, the mean relative RMSE is 1.22 × 10 −2 , and the comparisons between the conventional Raman spectrum and reconstructed Raman spectra from synthesized LED based Raman measurements are shown in Figure 4 . The relative RMSEs in the best, typical and worst cases are 7.10 × 10 −3 , 1.22 × 10 −2 , and 2.71 × 10 −2 , respectively.
For cell samples, the mean relative RMSEs between the reconstructed Raman spectra from synthesized LED based Raman measurements and the corresponding conventional Raman spectra are shown in Table 3 , in which different filter numbers range from 3 to 15 and different bandwidths range from 5nm to 50nm are investigated. It can be found in Table 3 that the trends for cell samples among spectral reconstruction accuracy, number of non-negative PCs based filters and LED bandwidth follow the similar trends of the above agar phantoms and blood serum samples. However, in general, the spectral reconstruction accuracies of the cell samples are the lowest among three different types of samples, which is due to the largest amount of Raman peaks and most complex Raman fingerprint information within the cell Raman spectra. Take 14 non-negative PCs based filters and 10nm LED bandwidth as an example, the mean relative RMSE is 1.67 × 10 −2 , and the comparisons between the conventional Raman spectrum and reconstructed Raman spectra from synthesized LED based Raman measurements are shown in Figure 5 . The relative RMSEs in the best, typical and worst cases are 7.82×10 −3 , 1.67×10 −2 , and 4.98×10 −2 , respectively.
In addition, the traditional Wiener estimation method alone was test on the LED based Raman measurements, however, much worse results were found. Take 10nm LED bandwidth as example, the mean relative RMSEs for the optimal number of non-negative PCs based filters are 6.50 × 10 −3 , 1.59 × 10 −2 and 2.23 × 10 −2 for phantoms, blood serum samples and leukemia cells, respectively. Thus, compared with weighted Wiener estimation, the degradations of the spectral reconstruction accuracy are approximately 11.9%, 30.3% and 33.5% for phantoms, blood serum samples and leukemia cells, respectively. The results are much worse compared with the weighted spectral reconstruction method, especially when the complexity of the Raman spectral shape is higher. The reason is that the proposed weighted Wiener estimation method further considers the similarity between the calibration dataset and the test dataset, in which the training sample with higher similarity to the test sample contributes more when creating Wiener matrix, thus the Wiener matrix is optimized for each test sample and the spectral reconstruction accuracy can be improved.
In order to mimic the real situation more accurately, Poisson noise [23] was added to the LED based Raman spectra, which were synthesized by the configuration of 10nm bandwidth LED, to further test the robustness of the proposed method. The signal-to-ratio of the noisy LED based Raman spectra are approximately 40. By using those noisy LED based Raman spectra as the input of the proposed method, it can be found that the differences between the narrowband measurements of noisy LED based Raman spectra and those of LED based Raman spectra without noise are always less than 1.5%. This is attributed to the fact that the narrow-band measurements are the intensity integration along the wavelength dimension, in which a large proportion of shot noise can be removed during such integration [22] . Furthermore, by using the same number of non-negative PCs based filters, only negligible degradation of the mean relative RMSEs can be found between the results of noisy LED based Raman spectra and the results for LED based Raman spectra without noise, as shown in Table 4 . We believe that the results can be even closer when the de-noising preprocessing is employed.
According to the above results, it has been demonstrated that high spectral resolution Raman measurements can be achieved when using LED as excitation based on the proposed weighted spectral reconstruction method, in which the mean relative RMSEs can be less than 2% in all types of sample investigated in this study and even the worst relative RMSEs for each test sample can be less than 6%. In addition, the LED bandwidth, number of non-negative PCs based filters and the complexity of the Raman spectral shape show significant impact on the spectral reconstruction accuracy, which is the same as we expected, thus the optimal configurations for Raman spectra from different types of samples is with significant importance, especially for the choice of LEDs bandwidth. Although the proposed method is a supervised learning method in nature and requires training dataset, the proposed method can still work in many biomedical applications, in which building the training dataset is uncomplicated and the unexpected samples rarely exist. Compared to the previous studies that use complex instruments to improve the spectral resolution of the collected Raman measurements, the proposed method provides the possibility of performing Raman measurements in a simple and cost-effective Raman setup without considerably sacrificing the quality of Raman measurements, and the spectral resolution is even close to the conventional Raman measurements. It should be noted that the filter characteristic can play an important role on the spectral reconstruction accuracy. However, in this study, the LED based Raman measurements can be collected with a conventional spectroscopy system, and the narrow-band measurement can be numerically calculated by the inner product of the LED based Raman spectrum and the optimized transmittance, thus real filters are not necessary and nonperfect transmittance can be avoided. Real filters are only required when the LED based Raman spectroscopy is further simplified to collect Raman spectrum by a single channel detector or modified to a Raman imaging system, in which LED based narrow-band measurements can be captured by a single channel detector for Raman spectroscopy or from a field of view for Raman imaging. Although those filters are typically with complex transmittance, they can be fabricated by the programmable optical filter and the transmittance can be finely calibrated by a Hadamard transform based calibration method as in the published paper [24] .
V. CONCLUSION
In this study, a weighted spectral reconstruction method was developed and theoretically evaluated to retrieve high spectral resolution Raman spectra from the Raman measurements using LED as the excitation. Furthermore, the impact factor related to final spectral reconstruction accuracies were investigated and summarized, such as the LED bandwidth, number of non-negative PCs based filters, and the Raman spectral complexity. The results demonstrate that the reconstructed Raman spectra from LED based Raman measurements based on the proposed method are in excellent agreement with the conventional laser based Raman measurements. Considering the advantages of using LED instead of narrow-band laser, the methods described in this paper can be applicable to a portable and cost-effective LED based Raman spectroscopy system or even LED based Raman spectroscopic imaging setup. SHUO 
